To optimize ginsenosides hydrolyzing b b-glucosidase production from Aspergillus niger, response surface methodology was carried out in two stages. The Plackett-Burman design was achieved to screen the important variables that influence b b-glucosidase production. Among 10 variables (wheat bran, soybean powder, CaCl 2 , ginsenosides, KH 2 PO 4 , MgSO 4 , polyethylene glycol (PEG), medium volume, inoculum size, and stirring speed), it was found that wheat bran, KH 2 PO 4 , and stirring speed had significant effect on b b-glucosidase activity due to very low p-values (pϽ0.05). Subsequently, wheat bran, KH 2 PO 4 , and stirring speed were further optimized using central composite design. The optimal b b-glucosidase production was predicted to be 4650.14 U/ml with the combination of factors (wheat bran, 34.51 g/l; KH 2 PO 4 , 1.78 g/l; stirring speed, 161.60 rpm/min). Finally, under optimal fermentation conditions, ginsenoside Rb 1 was converted to Rd and F 2 by A. niger within 10 min. Little compound K was detected at 30 min, and finally F 2 was completely transformed to compound K within 8 h. The putative conversion pathway of Rb 1 by A. niger was Rb 1 , Rd, F 2 , and compound K.
Ginsenosides are known to be bioactive compounds in Panax ginseng (Panax ginseng C. A. MEYER) which have antiaging, 1) antidiabetic, 2) antitumor, 3) analgesic, 4) memory-enhancing, 5) antistress, 6) and antifatigue 7) activities. Until now, more than 30 ginsenosides have been identified in Panax ginseng. 8 ) Based on the difference in the aglycone, most are classified into three types: the Rb group (protopanaxadiol including Rb 1 , Rb 2 , Rc, and Rd); Rg group (protopanaxatriols including Rg 1 , Rg 2 , Re, Rf, and Rh 1 ); and Ro group (oleanolic acid). 9) It is usually considered that ginsenosides play a direct role in pharmacologic activities in the human body. 10) However, several researchers reported that intact ginsenosides are only slightly absorbed through digestive tract, and the oral bioavailability of intact ginsenosides in the intestines is extremely low. [11] [12] [13] [14] Ginsenosides act as precursors that are metabolized to the bioactive form by intestinal bacterial deglycosylation 15, 16) and fatty acid esterification 17, 18) in the body. Pharmacologic studies have shown the following metabolic pathways of ginsenosides in the human body: ginsenosides of the 20S-protopanaxadiol type are finally metabolized to 20S-protopanaxadiol 20-O-b-D-glucopyranoside (M 1 ), which is also called ginsenoside compound K; whereas ginsenosides of 20S-protopanaxatriol type are finally metabolized to 20S-protopanaxatriol (M 4 ) through cleavage of the oligosaccharides connected to the C-6 and C-20 hydroxyl groups of the aglycone by intestinal bacteria. Both M 1 and M 4 finally form into esterified M 1 and M 4 , respectively, with fatty acids. 19) Recently, researchers have focused on the transformation of major ginsensides into their metabolites using methods such as acid treatment, 20) alkali treatment, 21) heating, 22) and enzymatic conversion 23) in vitro. Among these methods, enzymatic hydrolytic treatment is considered ideal due to the specific hydrolysis of the glucose moiety from ginsenoside skeleton. b-Glucosidase generated by Aspergillus niger has been reported to hydrolyze ginsenosides into special rare ginsenosides. 24, 25) In this study, the main purpose was to optimize the submerged culture conditions of b-glucosidase generated by A. niger using response surface methodology (RSM). RSM has been confirmed to be a useful statistical technique for the investigation and optimization of complex reaction conditions. [26] [27] [28] In addition, the optimized culture conditions were applied to transform the single ginsenoside Rb 1 by b-glucosidase produced from A. niger. Submerged Culture and Preparation of b b-Glucosidase A spore suspension (1 ml, 10 6 -10 7 spores) was inoculated into each flask with sterilized 2.4% potato dextrose and 1% soybean peptone. After incubation for 24 h, the medium was used as an inoculum. Submerged culture was originally carried out in conical flasks (500 ml) containing 100 ml of medium of which the composition (wheat bran, soybean powder, KH 2 PO 4 , CaCl 2 , MgSO 4 , and total saponins) was optimized using Plackett-Burman design and central composite design. After 10 d of culture, the fermentation contents were filtered through filter paper or centrifuged at 10000ϫg for Assay of b b-Glucosidase Activity The mixture containing crude enzyme (100 ml), pNPG (10 mM, 10 ml), and sodium acetate-acetic acid buffer (pH 5.0, 50 mM, 300 ml) was incubated at 55°C for 10 min. The reaction mixture was stopped by adding 490 ml of sodium hydroxide (0.5 M). The optical density absorbance of the mixture was measured at 405 nm with a UV-Vis spectrometer (Shimadzu UV mini 1240, Japan). One unit of enzyme activity was defined as the amount that released 1 mmol of pNP from pNPG per minute under standard assay conditions.
MATERIALS AND METHODS

Materials
Optimization Procedure The optimization of culture conditions for b-glucosidase production by A. niger was carried out in two stages. The designs and statistical data of RSM were analyzed using Design-Expert 7.0.0 software (Stat-Ease Inc., Minneapolis, MN, U.S.A.).
Plackett-Burman Design (PBD): The PBD, leading to a tremendous decrease in total experiments, was used to screen the important variables that influence b-glucosidase production. It is based on the model: (1) This design did not consider the interaction effects among the variables. In the present study, the 10 variables (wheat bran, soybean powder, CaCl 2 , ginsenosides, KH 2 PO 4 , MgSO 4 , PEG, medium volume, inoculum size, and stirring speed) in a total 12 experiments are shown in Table 1 . Each variable was set in two levels (high/low, 1/Ϫ1). All experiments were performed in duplicate.
Central Composite Design (CCD): The CCD was applied to optimize the interactions of the crucial variables selected using the PBD. The design system of CCD was based on the second polynomial equation: (2) where Y is the predicted response; b 0 is the interception coefficient; b i is the coefficient of linear effect; b ii is the coefficient of quadratic effect; and b ij is the coefficient of interaction effect. A three-factor-three-level CCD with six star points (aϭ1.68) and six replicates at the central points that were coded as zero result in a total 20 experiments. The CCD and results are shown in Table 2 . The experiments were carried out in duplicate.
Transformation of Ginsenoside Rb 1 by Crude Enzyme Ginsenoside Rb 1 (about 3.5 mg) was dissolved in sodium acetate-acetic acid buffer (pH 5.0, 50 mM, 1 ml), and then reacted with 6 ml of crude enzyme with activity optimized using the CCD in a water bath at 55°C. An aliquot of each sample (1 ml) was withdrawn at different times (0 min, 10 min, 30 min, 1 h, 2 h, 8 h, 24 h), followed by n-butanol extraction. After drying the n-butanol layer under nitrogen flow, 1 ml of methanol (HPLC grade) was added, and the mixture was filtered through a syringe filter (0.45 mm) prior to TLC and HPLC analysis.
Ginsenosides Analysis Using HPLC Quantitative analysis of all ginsenosides was performed using Hewlett Packard HPLC series 1100 (Agilent Technologies, Little Falls, DE, U.S.A.) equipped with a quaternary pump, vacuum degasser, autosampler, and UV detector. The HPLC system 
at high level of 60 (ϩ1) and low level of 20 (Ϫ1); X 2 , soybean powder (g/l) at 3 (ϩ1) and 1 (Ϫ1); X 3 , CaCl 2 (g/l) at 0.7 (ϩ1) and 0.3 (Ϫ1); X 4 , ginsenosides (g/l) at 0.25 (ϩ1) and 0.05 (Ϫ1); X 5 , KH 2 PO 4 (g/l) at 3 (ϩ1) and 1 (Ϫ1); X 6 , MgSO 4 (g/l) at 0.7 (ϩ1) and 0.3 (Ϫ1); X 7 , PEG (g/l) at 1.5 (ϩ1) and 0.5 (Ϫ1); X 8 , medium volume (ml/500 ml) at 80 (ϩ1) and (Ϫ1); X 9 , inoculum size (v%v) at 15 (ϩ1) and 5 (Ϫ1); X 10 , stirring speed (rpm/min) at 180 (ϩ1) and 120 (Ϫ1); X 11 , blank. 
RESULTS
Screening of Culture Conditions for b b-Glucosidase Production
Ten culture factors were screened using the PBD. The corresponding b-glucosidase production and the experimental design are shown in Table 1 . The results from the PBD were analyzed using analysis of variance (ANOVA) ( Table 3) . Among these factors, if the coefficient value of the tested variable was positive the b-glucosidase production was greater at the high level. On the contrary, if the coefficient value of the tested variable was negative the b-glucosidase production was greater at the low level. As observed from Table 3 , the effect of variables X 1 (wheat bran), X 4 (ginsenosides), X 5 (KH 2 PO 4 ), X 7 (PEG), and X 10 (stirring speed) showed positive effects, therefore the influence of wheat bran, ginsenosides, KH 2 PO 4 , PEG, and stirring speed was greater at the high level. In addition, it was also found that X 1 (wheat bran), X 5 (KH 2 PO 4 ), and X 10 (stirring speed) had significant effects on b-glucosidase activity due to very low p-values (pϽ0.05). Hence, in the subsequent experiment, wheat bran, KH 2 PO 4 , and stirring speed were selected and optimized using CCD. Meanwhile, the content of ginsenosides and PEG were kept at high levels of 0.25 g/l and 1.5 g/l, respectively; soybean powder, CaCl 2 , MgSO 4 , medium volume, and inoculum size at low levels of 1 g/l, 0.3 g/l, 0.3 g/l, 40 ml/500 ml, and 5 v/v, respectively.
Optimization of Screening Culture Conditions for b bGlucosidase Production
The response and experimental factor settings based on the CCD with three factors and three levels together with two star points are presented in Table 2 . Among the various treatments, it is not difficult to see that all the three factors (wheat bran, 30 g/l; KH 2 PO 4 , 2 g/l; stirring speed, 150 rpm/min) around the central point had the highest b-glucosidase activity (treatment 1). Table 4 shows the regression coefficients of the second-order polynomial model determined employing the least-squares technique. The following second-order polynomial equation was found to explain b-glucosidase production: where Y represents response; X 1 , X 2 , and X 3 are the value of wheat bran, KH 2 PO 4 , and stirring speed, respectively. ANOVA results of the RSM show that the model had no significant lack of fit (pϭ0.1077), a very small p-value of total model (0.0001), a satisfactory value of R 2 (0.9335), and coefficient of variation (CV, 1.56%) (data not shown). Usually, the closer the value of R 2 to 1, the better the correlation between the observed and predicted values; the higher CV indicates low precision with which the treatments are compared. All the values mentioned above indicate that this experimental model was adequate and reproducible.
The p-value is a useful tool to check the significance of each of the coefficients necessary to understand the pattern of the mutual interactions between the variables. The smaller p-value is, the more significant the corresponding coefficient is. As shown in Table 4 , all the variables among the linear and quadratic terms had significant effects except for X 2 . However, the interaction variables had little interactive effects with each other due to the high p-value. The relationships between reaction factors and response can be better understood by examining the planned series of contour plots generated from the predicted model (Eq. 3) by holding the KH 2 PO 4 content constant (1, 2, 3 g/l) (Fig. 1) . All two-dimensional contours showed rounded ridges running diagonally on the plot, suggesting that all the three factors are slightly interdependent. The maximum b-glucosidase activity was found around the 0 level of each variable.
Canonical analysis generated from the SAS program (SAS, 2000) is one of the multivariate linear statistical analyses used to locate the stationary point of the response surface, to determine whether it represents a maximum, minimum, or saddle point, and to characterize the nature of the stationary points.
29) The canonical analysis based on the stationary point resulted in the equation:
where W 1 , W 2 , and W 3 are the eigenvalues based on coded data; and Y is b-glucosidase activity. The predicted response surface of the stationary point was a maximum value because all eigenvalues were negative. Therefore the optimal b-glu- cosidase activity was predicted to be 4650.14 U/ml with the combination of factors (wheat bran, 34.51 g/l; KH 2 PO 4 , 1.78 g/l; stirring speed, 161.60 rpm/min). To verify the prediction, an additional independent experiment under the predicted maximum synthesis conditions was performed, and the results showed that the actual value (4667.14 U/ml) was well in agreement with predicted value. Transformation of Ginsenoside Rb 1 under Optimal Conditions Various products of Rb 1 transformed by A. Niger under optimal conditions were confirmed in TLC (data not shown) and HPLC analysis (Fig. 2) . TLC was performed on silica gel 60 F 254 plates, eluted by chloroform/ methanol/water (65 : 35 : 10, v/v, lower layer), and visualized with 10% H 2 SO 4 -ethanol solution at 120°C. As observed from the TLC and HPLC chromatograms (Fig. 2) , the conversion rate of hydrolyzing Rb 1 was so quick that all Rb 1 was converted into Rd and F 2 within 10 min. A small amount of compound K was detected within 30 min. However, F 2 was completely transformed into compound K at 8 h. All compounds during the reaction were identified by comparison with standards. The putative conversion pathway of Rb 1 by A. niger was Rb 1 , Rd, F 2 , and compound K.
DISCUSSION
In this study, the conditions of b-glucosidase production from A. niger were optimized using the RSM, and we found that wheat bran, KH 2 PO 4 , and stirring speed had the most effects on b-glucosidase production. Previously, some researchers found that similar conditions produced enzymes activities such as hydrolase and tannase from A. niger. 30, 31) Under the conditions of wheat bran 34.51 g/l, KH 2 PO 4 1.78 g/l, and stirring speed 161.60 rpm/min, A. niger produced the highest b-glucosidase activity of 4650.14 U/ml.
The optimized conditions were subsequently applied to transform ginsenoside Rb 1 into compound K. The putative conversion pathway of Rb 1 by A. niger was Rb 1 , Rd, F 2 , and compound K. Several reports showed a similar pathway for protopanaxtriol to different extents using different food microorganisms. Yousef et al. reported that the ginseng root pathogen Pythium irregulare had the ability to biotransform a mixture of 20(S)-protopanaxadiol ginsenosides by an extracellular glycosidase into ginsenoside F 2 through the hydrolysis of the terminal monosaccharide units from disaccarides present at C-3 and/or C-20 of ginsenosides Rb 1 , Rc, Rb 2 , and G-XVII. 32) Another example showed that b-glucosidase from China white jade snail hydrolyzed the 20-C, b-(1→6)-glucoside of ginsenoside Rb 1 to produce ginsenoside Rd, but did not hydrolyze further to F 2 or compound K. 33) Also several ginsenosides such as Rb 2 and Rc have been transformed into ginsenoside compound K by food microbial enzymes within 24 h. 34) Compared with these results, the metabolite of ginsenoside Rb 1 transformed by A. niger in our study was completely compound K within 8 h. Ginsenoside compound K is a potential antitumor agent. However, obtaining ginsenoside compound K in bulk is considered difficult since it does not exist in natural plants. Our study provides a probable method to obtain ginsenoside compound K for clinical use. 
